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Nucleation Initiated Spinodal Decomposition in a Polymerizing System
Thein Kyu and Jae-Hyung Lee
Institute of Polymer Engineering, The University of Akron, Akron, Ohio 44325
(Received 29 September 1995)
Dynamics of phase separation in a polymerizing system, consisting of carboxyl terminated
polybutadiene acrylonitrile/epoxy/methylene dianiline, was investigated by means of time-resolved light
scattering. The initial length scale was found to decrease for some early periods of the reaction which
has been explained in the context of nucleation initiated spinodal decomposition. We have combined
the Cahn-Hilliard kinetic equation and polymerization kinetics, and predicted the initial reduction of the
length scale triggered by nucleation. [S0031-9007(96)00155-X]
PACS numbers: 61.41.+e, 64.60.Cn, 64.75.+g
In recent years, polymerization-induced phase sep-
aration in thermoset-thermoplastic blends have gained
renewed interest because of unusual equilibrium and
nonequilibrium pattern formations [1–6]. Liquid-liquid
phase separation generally occurs in those polymer blends
due to polymerization [1–6] or thermal quenching into
an unstable region from an initially homogeneous state
[7–13]. While thermally induced phase separation has
been well investigated for quenched binary systems, there
are limited studies on the problem of phase separation
driven by polymerization, although it may be equally, if
not more, important [1–6].
When a polymer blend is brought from an initially ho-
mogeneous state into an unstable spinodal region, various
modes of concentration fluctuations develop and are ampli-
fied simultaneously by virtue of thermal fluctuations [7,8],
causing the two-phase structure to be irregular. However,
if thermal fluctuation is suppressed fully, a single selective
mode grows predominantly such that the structure becomes
more regular. In the latter case of reaction-induced phase
separation, instability of the system is driven by the pro-
gressive increase of molecular weight of the polymerizing
species. Once the condensation reaction has been initi-
ated, the nonequilibrium structure will emerge in a man-
ner dependent on competition between reaction kinetics
and phase separation dynamics. The understanding of the
governing mechanisms of polymerization-induced phase
separation is of paramount importance in elucidating de-
velopment of final morphology.
In the present paper, polymerization-induced phase sep-
aration has been investigated for a mixture of bisphenol-A
diglycidyl ether (BADGE) epoxy, commercially known as
EPON 828, and carboxyl terminated butadiene acryloni-
trile (CTBN) by using methylene dianiline (MDA) as a
curing agent. Here, “polymerization” refers to a conden-
sation reaction which gives rise to linear chains, whereas
“curing” (or cross-linking) implies a chain branching re-
action leading to a three dimensional network. BADGE
and CTBN were codissolved in tetrahydrofuran (THF) at
a polymer concentration of 10 wtyvol%. An equivalent
amount of MDA was subsequently added to the solution
mixtures. Thin films (,10 mm thick) were solvent cast
and then dried in a vacuum oven at ambient tempera-
ture for 1–4 h to remove residual solvent. These films
were completely transparent, suggestive of miscibility at
least at the length scale of the wavelength of light. The
blend films were polymerized in a time-resolved light
scattering apparatus [10] by subjecting the films to var-
ious reaction temperatures in order to vary the relative
rates of phase separation and polymerization. Temporal
evolution of scattering profiles were monitored to probe
dynamics of phase separation in both 10y90y23.5 and
20y80y21 CTBNyBADGEyMDA compositions.
Figures 1(a) and 1(b) show a typical time evolution
of scattered intensity versus scattering wave number (q)
at the 10y90y23.5 and 20y80y21 CTBNyBADGEyMDA
compositions during polymerization, where q is defined
as q ­ s4pyld sinuy2; u and l are the scattering angle
and the wavelength of light measured in the medium. The
scattering maximum sqmd develops first around 3 mm21,
then moves to a larger scattering angle which is contrary
to our intuition or general perception. Figure 2(a) shows
the plot of qm versus time for the 10y90y23.5 compo-
sition at various temperatures. The average length scale
initially decreases, then levels off at all temperatures in-
vestigated. Multiple tiny droplets can be seen in the en-
tire microscopic view, but it is difficult to differentiate
FIG. 1. Time evolution of scattering profiles phase separation
driven by polymerization of (a) 10y90y23.5 at 80 –C and (b)
20y80y21 CTBNyBADGEyMDA at 50 –C.
3746 0031-9007y96y76(20)y3746(4)$10.00 © 1996 The American Physical Society
VOLUME 76, NUMBER 20 P HY S I CA L REV I EW LE T T ER S 13 MAY 1996
FIG. 2. qm vs t2a plots at various reaction temperature
following phase separation driven by polymerization of (a)
10y90y23.5 and (b) 20y80y21 CTBNyBADGEyMDA.
any subtle variation of the domain size under the micro-
scopic investigation. The initial decrease of the length
scale can be confirmed in the light scattering experiments
following condensation polymerization of the 20y80y21
composition at 50 –C. A similar observation was made at
80 –C, but the domains coarsen at a later stage [Fig. 2(b)].
At higher reaction temperatures of 100, 120, and 140 –C,
the growth process becomes more pronounced as the mu-
tual diffusion is expedited at elevated temperatures more
rapidly than the reaction kinetics. Finally, the domains
cease to grow when the cross-linking reaction takes place.
The initial reduction of the length scale is not observ-
able if phase separation is faster than the reaction, viz. the
coarsening process is dominant. This peculiar phenom-
enon may be explained in terms of a “domain insertion
model” which suggests that newer domains are created in
the interdomain regions of the preformed domains, lead-
ing to the smaller interdomain distances. It should be
pointed out that the observed interference scattering peak
cannot be expected for a conventional heterogeneous nu-
cleation unless the nucleation is coupled with spinodal de-
composition during progressive polymerization.
Figure 3 depicts the calculated temporal change of an
upper critical solution temperature (UCST) curve with
increasing molecular weight of the epoxy due to con-
densation polymerization. The UCST curve at t ­ t1
was obtained from the cloud point phase diagram of the
CTBNyBADGE blends without utilizing a curing agent
[10]. When MDA was added to the CTBNyBADGE mix-
tures, all samples revealed optical clarity to the naked
eye, suggesting that the UCST has been suppressed be-
low room temperature. As polymerization proceeds, the
molecular weight increases progressively, resulting in the
shift of the UCST peak to a higher temperature as well
as to a higher CTBN composition. When the coexistence
curve surpasses the reaction temperature, nucleation oc-
curs in the metastable region bound by the coexistence
curve and the spinodal line. Subsequently, newer domains
are formed in the interdomain region, resulting in the de-
crease of the average interdomain distances. This trend is
observed at the 10y90y23.5 composition in all isothermal
reaction temperatures. Since the UCST maximum shifts
progressively to higher CTBN compositions, the reaction
temperatures seemingly remain in the metastable region.
In the case of the 20y80y21 composition, the polymer-
ization temperatures are located on the other side of the
UCST peak. When the reaction temperature of 80 –C
moves gradually from the metastable to the unstable re-
gion, the nucleation takes place initially in the metastable
region and then crosses over to the spinodal region. How-
ever, the reactions at the higher temperatures fall quickly
into an unstable spinodal region due to the fast polymer-
ization, and, eventually, the domains cease to grow as cur-
ing begins. This crossover behavior of phase separation
from the metastable to the unstable region driven by poly-
merization may be called “nucleation initiated spinodal
decomposition (NISD).”
FIG. 3. Time-dependent UCST associated with progressive
polymerization of epoxy in the CTBNyBADGEyMDA mixture.
The UCST at t ­ t1 was estimated from the cloud point
phase diagram of CTBNyBADGE without using a curing agent
(Ref. [10]).
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To elucidate the origin of the NISD process, we have
incorporated the reaction kinetics into the time-dependent
Cahn-Hilliard equation for describing the dynamics of
phase separation induced by polymerization. The total
free energy of the system sDFd may be expressed in terms
of a local free energy density, fsfd, and the gradient of
concentration fluctuations, ,f [7], i.e.,
DF
kBT
­
Z
dr
‰
fffsrdg 1
a2
36fs1 2 fd
f,fg2
¾
, (1)
where kB is the Boltzmann constant, T the absolute tem-
perature, f the volume fraction of component 1 (CTBN),
and a the correlation length which is equal to Kuhn’s sta-
tistical segmental length of individual component (a1 and
a1), assuming that a1 ­ a2 [11,12]. The local free energy
density is given customarily by the Flory-Huggins equa-
tion, i.e.,
fsfd ­
f
N1
lnf 1 1 2 f
N2
lns1 2 fd 1 xfs1 2 fd ,
(2)
where N1 and N2 are the degrees of polymerization of
CTBN and epoxy, respectively. Away from equilibrium,
the diffusion current is driven by the gradient of chemical
potential, ,m [7]. Combining with the continuity equa-
tion, one obtains
›fsr, td
›t
­ 2,Jsr, td ­ ,
Lsfd
kBT
,m , (3)
where m ­ dDFydf and L is the Onsager coefficient
which may be expressed in the context of the Rouse
model [12,13] as L ­ a2Wfs1 2 fd. For slow spatial
variation, the contribution from the gradient term is
generally small relative to other contributions, and thus
the square of the gradient term may be ignored [12]. This
eventually leads to
›f
›t
­ ,
ˆ
a2Wfs1 2 fd,
•
lnf 1 1
N1
2
lns1 2 fd 1 1
N2
1 xs1 2 2fd 2
a2
18fs1 2 fd
=2f
‚!
, (4)
where W is the rate of segmental motion. In the present
system, the molecular weight of the polymerizing compo-
nent (i.e., N2) increases with progressive reaction.
Let us first consider an idealized condensation poly-
merization in mixtures of CTBN and BADGE with MDA.
The extent of reaction (i.e., the functional sites reacted
relative to the total functional groups) p for an equivalent
amount of BADGE and MDA functional groups may be
defined according to Carother’s equation:
P ­
2sM0 2 Md
M0favg
, (5)
where the average functional groups may be defined as
favg ­
P
Mjfjy
P
Mj , in which Mj is the number of
molecules of monomer j having functionality fj , M0 the
number of monomer molecules present initially, and M
the resulting number of molecules after the reaction has
occurred. The degree of polymerization of epoxy can be
defined as N2 ­ M0yM. For a BADGEyMDA system
under consideration, the degree of conversion p can be
related to the degree of polymerization N2 as
pstd ­
2
favg
µ
1 2
1
N2std
¶
. (6)
We expressed Eq. (6) in a time-dependent form because
the degree of conversion increases with reaction time, so
does the degree of polymerization. In principle, p is max-
imized at 2yfavg, although a complete conversion cannot
be expected for any condensation reactions [14], particu-
larly for the present CTBNyBADGEyMDA system. For
an idealized case, the rate of condensation polymerization
may be expressed as
dpstd
dt
­ kh1 2 pstdjn, (7)
where k has a usual Arrhenius form, viz., k ­
A exps2EykBT d and n is the kinetic exponent [15].
A common feature with many epoxy systems is that
the curing process is an autocatalytic reaction; i.e.,
the hydroxyl groups formed as a result of the reaction
between the primary amine and epoxide group catalyze
the reaction between the secondary amine and epoxide
[14]. If this secondary reaction were to involve in the
CTBNyBADGEyMDA, Eq. (7) may be modified as
follows [15]:
dpstd
dt
­ k0pstdmf1 2 pstdgn. (8)
This kind of secondary reaction is generally extremely
slow relative to the primary reaction.
If the chemical reaction is faster than the phase separa-
tion, the domains will be frozen-in at some early stages of
decomposition, in which case Eq. (5) may be linearized
by taking into consideration the concentration fluctuations
(or order parameter), viz., df ­ f 2 f0. This eventu-
ally leads to the linearized Cahn-Hilliard equation, which
has been extensively used for describing the early stage of
spinodal decomposition:
›dfstd
›t
­ a2Wf0s1 2 f0d,2
ˆ
1
N1f0
1
1
N2std s1 2 f0d
2 2x 2
a2,2
18f0s1 2 f0d
!
df . (9)
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FIG. 4. (a) Temporal change of calculated structure factors
for the case of m ­ 1, n ­ 1 by setting k ­ 0.01, f0 ­ 0.1,
s ­ 0.35, x ­ 0.615, T ­ 100 –C, N1 ­ 54, and (b) the
corresponding phase growth in time steps.
Rewriting Eq. (9) in Fourier space, one obtains the
structure factor Ssq, td, i.e.,
Ssq, td
Sqs0d
­ exp
(
2 2a2Wf0s1 2 f0dq2
3
•
t
N1f0
1
Z dt
N2std s1 2 f0d
2 2xt 1
a2q2t
18f0s1 2 f0d
‚)
, (10)
where Sqs0d is the structure factor at t ­ 0. Equa-
tion (10) may be solved analytically for a simple primary
reaction (m ­ 0, n ­ 1) or that involving a secondary
reaction (e.g., m ­ 1, n ­ 1), but there is no analytical
solution for noninteger m and n.
Strictly speaking, a1 may not be equal to a2 in the real
system, hence a2 should be replaced by a21f 1 a22s1 2
fd in Eq. (10). However, the final outcome will not be
affected because the time-dependent structure factor was
calculated at a fixed composition, where a1 and a2 are
constants. In the initial stage of reaction-driven phase
separation, the condensation reaction is most likely to be
linear, thus favg may be taken as 2 in the calculation.
Figure 4(a) illustrates the temporal change of structure
factor calculated according to Eq. (10) by setting m ­ 1,
n ­ 1, and the extent of reaction at t ­ 0i , p0 ­ 0.001.
The peak of the structure factor shifts to higher scattering
angles with reaction time which may be ascribed to
the decreases of average interdomain distance associated
with progressive polymerization. It is apparent that the
theoretical prediction [Fig. 4(b)] captures the experiment
trends of all reaction temperatures in the 10y90y23.5
and of the low reaction temperatures at the 20y80y21
CTBNyBADGEyMDA composition [Figs. 2(a) and 2(b)].
In summary, we have demonstrated that the initial
reduction in the length scale is triggered by nucleation
during polymerization. The crossover behavior of phase
separation from the metastable to the unstable states
may be attributed to the nucleation initiated spinodal
decomposition in the present polymerizing system. Our
linear analysis on the early stage of polymerization-
induced phase separation correctly predicted this NISD
behavior.
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